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20. ABSTRACT CON'. NUED

modified superposition principle and strain hardening are used to describe the
behavior of nonlinear time-dependent recoverable and nonlinear time-dependent
nonrecoverable respectively. The theory which combines all these features, the
viscous-viscoelastic theory, and other modified theories were used to predict
from information from constant stress creep the creep behavior of 2618 aluminum
under the above stress histories with very satisfactory agreement with the
experimental results. (-
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CREEP OF 2618 ALUMINUM UNDER SIDE STEPS OF TENSION AND TORSION

AND STRESS REVERSAL PREDICTED BY A VISCOUS-VISCOELASTIC MODEL

by

William N. Findley and James S. Lai

ABSTRACT

Nonlinear constitutive equations were developed and used to predict the

creep behavior of 2618-T61 Aluminum at 200C (392*F) for combined tension and

torsion stresses and under varying stress histories including side step stress

changes and stress reversals.

The constitutive equations consist of 5 components: linear elastic e ;

time-independent plastic cp ; nonlinear time-dependent recoverable €ve ;

nonlinear time-dependent nonrecoverable cv (pos) under positive stress; and

eV(neg) under negative stress. For time-dependent stress inputs, the modified

superposition principle and strain hardening are used to describe the behavior

ye anof C and cv, respectively. The theory which combines all these features,

the viscous-viscoelastic (W) theory, and other modified (MVV) theories were

used to predict from information from constant stress creep the creep behavior

of 2618 aluminum under the above stress histories with very satisfactory

agreement with the experimental results.
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INTRODUCTION

The creep behavior of metals under changing stress--especially changes in

state of combined stress and stress reversal--has received little experimental

observation. Mathematical expressions employed, such as strain hardening or

viscoelastic models, usually are unable to describe the detail of creep behavior

under changes such as the above. References to prior work in this area are given

in (1].

In a previous paper [1] the authors described a viscous-viscoelastic model

in which the strain was resolved into five components: elastic Ce ; time-

independent plastic CP ; positive nonrecoverable (viscous) c v(pos) ; negative

nonrecoverable (viscous) V(neg) ; and recoverable (viscoelastic) cve com-

ponents. From creep and recovery experiments under combined tension and torsion,

the time and stress dependence of these components were evaluated for constant

stresses. In [2] constitutive relations for changes in stress state were de-

veloped and their predictions were compared with actual creep behavior in simple

stress states (uniaxial tension or pure torsion) under step changes in stress.

In the present paper, the constants determined in (1] were used in the same

constitutive relations derived in [2], with some additional modifications, to

predict the creep behavior of the same material as in [1,2] under combined ten-

sion and torsion with time-dependent stress histories including side step changes

in tension and torsion and stress reversal in torsion. The last two experiments

discussed in the following were reported in [3] as tests E and G.

MATERIAL AND SPECIMENS

An aluminum forging alloy 2618-T61 was employed in these experiments.

Specimens were taken from the same lot of 2-1/2 in. diameter forged rod as used

in 11,2] and the same lot as specimens D through H in [3]. Specimens were

,
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thin-walled tubes having outside diameter, wall thickness and gage length of

1.00, 0.060 and 4.00 inches, respectively. A more complete description of

material and specimens is given in [1].

EXPERIMENTAL APPARATUS AND PROCEDURE

The combined tension and torsion creep machine used for these experiments

was described in [4] and briefly in [1]. The temperature control and measurement

employed was described in [1,3]. Stress was produced by applying dead weights

at the end of levers. The shearing stress and shearing strain reported were

computed at mid-wall thickness of the specimen. The gage length employed was

measured at room temperature and no correction was made for thermal expansion.

The weights were applied by hand at the start of a test by lowering them quickly

but without shock. The time of the start of the test was taken to be the instant

at which the load was fully applied. In the present experiments changes in load-

ing were made at intervals during the creep tests. The load changes were accom-

plished by hand in the same manner. Strain was recorded at the following inter-

vals following a load change: every O.Olh to O.OSh; every O.02h to 0.lh; every

0.05h to O.Sh; every 0.lh to l.Oh; and every 0.2h to 2.Oh. All experiments

discussed in this paper were performed at 200 10.6C (3920F).

CONSTITUTIVE EQUATIONS FOR CREEP UNDER
COMBINED TENSION AND TORSION

In [2] it was shown that creep of 2618 Aluminum at 2000C under combined

tension and torsion could be described adequately by the following relation:

E. ( t) E e. + E * + v (t) + y e M 1ij • ij i J , (1

whereCe , and ye represent the time-independent elastic strain,

time-dependent nonrecoverable (viscous) strain and time-dependent recoverable

(viscoelastic) strain, respectively, and the time-independent plastic strain

,!



C? was zero in the present experiments. was further resolved into
13 i a

positive and negative parts because of its nonrecoverable feature. Without

separate positive and negative parts £v would be zero upon stress reversal

because it is nonrecoverable. The elastic modulus E0 , shear modulus G°

and Poisson's Ratio v for the elastic strain component ce for the material

at 200C as reported in [1,21 are given in Table I. The constitutive relations

v efor E£ (t) and ev (t) under constant stresses and time-dependent stresses

as proposed in [1,2] are reviewed in the following.

Constant Stress

Under constant stress, the components tv and s e  under combined tension

a and torsion I were represented by the following equations:

ve

(t) - (T=) [(O-'),(r-')]t n  (3)
1(2t) * (-ja) F [(o-o'),(T-r')]tn  (4)

c1 2(t) G [(-a T' )(5)

The nonlinear functions P and G in (2-5) were derived from a third order

multiple integral representation [1,5,61, where for constant stress

FI F2 (o-a')2 + F3 (C-01) 3

(6)

* P4 (o-o')(r-') 2 + F('r') 2

- G(-') + G2(T-T') 3  G 3(a-

(7)

+ G4 (0-')2 0--')

I
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and a' , -' are the components of stress corresponding to a creep limit which

may be taken to have a Tresca form defined as follows:

(a) 2 +4(T') 2 , (0*)2 (2?*)2

(8)

and a' and T* are the creep limits in pure tension and pure torsion,

respectively. The coefficients Fi , Gi , and constants a* , T* , R and n

are values determined from constant combined tension-torsion creep tests reported

earlier [1] and shown in Table I. The values reported in [1] for F4 , G3  and

G4 were incorrect. They should have been as shown in Table I.

Time-Dependent Stress

The modified superposition principle (MSP) derived as a simplification of

the multiple integral representation was shown in [2] to describe the time-

dependent recoverable (viscoelastic) strain reasonably well. Under a contin-

uously varying stress a , the strain response ve under the modified super-

position assumption can be represented for nonlinear behavior by

tve
C ij~t M0t f ij d9

0
where f ij (a,t) represents a nonlinear time-dependent creep function such as. (2)

ye ye
and (3) for c11 and c12 e respectively, and where 7(t) = a(t) - o'(t) and

T(t) X Tr~t) - T'Ct).

For a series of m step changes in stress as employed in the present work,

(9) becomes as follows for eve for example:

*1Vet)  (I+-)(G(ao,T l)[tn-(t-tl) +

rn rni n in

+ GC m.I, Tm I) [(t-tm.2)n- Ct-tm-l
)n  (9A)

,.+ G~CmV, )(t-tmxn ,- tin_ ! I t.

4k
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For the time-dependent nonrecoverable (viscous) strain component c ,

it was shown in [2] that the strain hardening theory reasonably represented

the behavior of this strain component under a time-dependent stress input. The

strain-hardening theory for 1 and €12 can be represented by the following

equations:

t
C1 v M (F['TmC)] lln dC1 n  (10)

0

t

C v M (p[ d] l n (11)

0

Equations (10) anu 01) were derived from (4) and (5), respectively, using

the strain-hardening concept as in [1,2].

For a series of m step changes in stress, as employed in the present

paper, (11) for example becomes as follows:

v 1 1/n n/

+ [G(a 3, 3 )] /nt- 2 )1 n , t 2 < t . (11A)

Viscous-Viscoelastic (W) Theory

The total strain following a time-dependent stress history was found

according to (1) by adding to the elastic strain corresponding to the stresses

existing at the time of interest the cve given by (9) and the cv given by

(10) or (11) for axial strain or shear strain.

NDdified Viscous-Viscoelastic (MVVW) Theory Using a' , T' (Tresca) Creep Limit

In [2) is was found that the observed characteristics of creep behavior of

the material under partial unloading were not properly predicted by the W

theory. It was fouad, however, that the ?1VV theory proposed in [2]

described the creep behavior of the material under partial unloading

pb
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more closely than the W theory. In the following, the MVV theory, which will

be used also in this paper, is reviewed.

The basic difference between the MVV theory and the VV theory is in the

treatment of the creep limits for the nonrecoverable strain cV and recoverable
ve

strain c . It must be noted that every change in combination of stress re-

quires a change in a' , -r' in accordance with (8).

(A) For the nonrecoverable strain component, the strain hardening rule

was employed. Upon reduction of stress, the strain rate iv continued at the

reduced (increasing) rate prescribed by the strain hardening rule, (10) and

(11), until the current stress aa equaled or was less than the creep limit,

a' . Under these conditions, when a a < a' , was zero as prescribed by (10)

and (11). Upon reloading to a stress above the creep limit, the nonrecoverable
*V

strain rate i resumed at the rate prescribed by the same equations as though
there had been no interval t for which a < a'

X a -

(B) For the recoverable strain components eve , on partial unloading,

the recoverable strain rate ive became and remained zero for all reductions

of stress until the total change in stress from the highest stress a pro-
max

viously encountered to the current stress oa equaled in magnitude the creep

limit a' . That is,

-re when ( a" - aa) '.a (12)

Equation (12) can be considered as meaning that for a small unloading the re-

coverable strain component was "frozen" until the stress differential was

greater than a' before the recovery mechanism was activated.

(C) Upon increasing the stress to ab (ob ! Oa) following a period tX

(a deed zone) for which (o a x - a ) 4 o' and ive a o as discussed in (B)

above, the recoverable strain component cv e continues in accordance with the

viscoelastic behavior (9) as though the period t x  never occurred. Thus, in
computing the behavior for situations described in (B) and (C), it was necessary

A1 •
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to introduce a time shift in equation (9) to eliminate the appropriate period

t. when the eve was "frozen." Thus, the new time t' subsequent to a period

tx  (tb - ta) becomes t' a t - (tb - ta) , where t is the real tie and

t a  tb  are the times when oa and ob were applied.

(D) In dealing with cve for decreasing side steps, for example in Fig. 1,

period 4, which involved a small decrease in torsion while the tension remained

constant, and in period 5 where the tension decreased while the torsion remained

constant, the following computations based on the (MVV) theory were used. For

Eve 2
l in period 4 of Fig. IA, the strain components corresponding to a , a
3
a3 , see (6), were considered to continue uninterrupted while the strain cor-

2 2
responding to the terms oT and T were considered to remain constant at

their values just prior to the stress change. They remained constant because

the shear stress change was less than the creep limit. For 12ve in period 4

Fig. IB, there was no change from the value just preceding the stress change

because the G(a,T) terms, see (7), decreased and the shear stress decrease

was less than the creep limit. Similarly in period 5 Fig. 1 there was no further
ye o Eve

change in c ll or E1 "e

~I~~aU 11 E 12

(E) In dealing with side steps to zero, such as in period 6, Fig. 1, where

one stress component went to zero while the other -tress component remained

unchanged, Eve was treated in a manner similar to that for decreasing side

steps described above. As described later the material behavior suggested that

reducing one stress component to zero affected the strains corresponding to

mixed stress components as though these components had suffered a small reduc-

tion. Considering period 6 of Fig. 1A as an example, £11 for period 6 was

ye
computed by considering that the creep strain components cl due to all terms

remained constant until both stress components were zero in period 7 at which

'W-
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time recovery occurred. Recovery of EU in period 7 was computed as though2 3 2
a , a , a terms recovered fro& the end of period 4 and oT2 and T2 terms

recovered as from the end of period 3. For in period 6, the strain was

3computed by considering recovery from T , r terms as though it started at

2the end of period 3, while the strain for aT , a r terms remained constant.

3
In period 7 recovery continued from T , T terms and recovery from the aT

a2 T terms started as though from the end of period 3.

EXPERIMENTAL RESULTS FOR SIDE STEPS AND RECOVERY COMPARED WITH V
AND 4VV THEORIES BASED ON TRESCA CREEP LIMIT (a', T')

The combined tension and torsion creep experimental results including side

steps, recovery and stress reversals are shown in Fig. 1, 2, 3. The W and MVV

theories based on a Tresca form of creep limit (8) were computed for these

experiments as described above using the numerical constants obtained from con-

stant stress creep followed by recovery, Table I. Computed creep curves for

these theories are shown fully in Fig. 1 only. The predicted behavior for the

first 6 periods of Fig. 2 showed similar features as those of Fig. I but the

creep resulting from the reversals of stress shown in Fig. 2 and 3 was so dif-

ferent from that predicted that a separate treatment was required as discussed

in a later section. In Fig. 2 the computed curves for the MVV theory using

at, T' are shown for periods 3, 4 Fig. 2A and 7, 8 Fig. 2B only to avoid con-

fusion with curves to be discussed later.

In Fig. 1 the predictions of the W and MVV theories are shown as dot-dot-

dash lines and dotted lines respectively. Where the dot-dot-dash line is not

shown it is the same as the dotted line.

Figures IA and IB show results of a combined tension and torsion experi-

ment in which there was a step increase in tension a in period 2 with no

change in torsion T . In period 3, there was a step increase in torsion ir

K
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with no change in tension a . This caused a such more marked increase in creep

rate than in period 2 for both tension and torsion. Subsequent periods involved

partial unloading, first in torsion, then in tension, followed by recovery first

in tension, then in torsion. The trend of the data for both components after

partial unloading was a small positive (nearly constant) strain rate. The creep

rate in tension and torsion decreased considerably in period 4 when the torsion

was reduced at a constant tension, but the creep rate in tension was reduced to

zero in period 5 when the tension was reduced at a constant torsion. Also there

was no change in tensile creep rate in period 6 when the torsion was reduced to

zero at a constant tensile stress.

In Fig. 1, the W theory predicted a somewhat lower rate of creep in period

2 than the test data. In period 3, the actual creep rate was much greater than

predicted,. especially for £11 * In Fig. 1A period 4, the W theory showed a

slight recovery followed by a positive creep rate whereas there was no indica-

tion of recovery in the data. In Fig. IA, periods 5 and 6, and Fig. IB, periods

4 and 5, the W theory predicted a recovery type of decreasing creep rate,

whereas the actual data showed a slight but steady increase in strain in both

periods. On removal of T in Fig. IB, period 6, the shape of the recovery

curve for c12 was correctly described. In Fig. 1A period 7, the shape of the

predicted recovery of e11 following removal of a was reasonably well de-

scribed. However, the new recovery observed in Fig. IB for period 7 was not

predicted by the W theory.

Computation of the MVV theory for £ve for periods 4-7, Fig. 1A, required

2 3 2
treating the a , a , a terms separately from the oT , T terms because the

step-down in r affected the latter but not the former in period 4. However,

E ve remained constant for all terms in periods 4 and S. In periods 6 and 7

12
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all terms of underwent recovery as though from the end of period 3.all ermsof 12

The computed creep curves shown in Fig. IA and IB based on the MW theory

were the same as for the W theory for periods 1-3. They were in good agree-

ment with the test data for periods 4, 5 and 6 in Fig. 1A and periods 4 and 5

in Fig. 18, except for a vertical displacement caused by the large creep rate

in period 3.

The marked difference between the predicted and the observed strains in

the third period of Fig. 1 might be a manifestation of material nonlinearity

under combined stress not accounted for in the third-order theory. The pos-

sibility of employing a fifth-order theory was explored. Additional appropriate

higher order terms were added to (6) and (7). This approach did not yield any

significant improvement.

As reported in [1] combined tension and torsion tests XI and XII performed

at the same stresses yielded a markedly higher creep rate from XI than XII. In

[1], Test XI was omitted from the analysis from which the solid lines in Fig. 1

were predicted. Repeating the computations using an average of the results for

XI and XII did not yield any overall improvements.

Figures 2A and 2B show the rusults of the series of changes in stress state

during creep for the portion of Test E conducted at 200"C as reported in [3).

In period 1, Fig. 2B, there was pure torsion and in step 2 the torsion was par-

tially unloaded. The observed creep behavior in period 2 showed a nearly constant

small positive rate. In period 3, tension was added with no change in torsion.

There was only a small increase in the observed torsion creep rate in this

period. In period 4 the torsion was removed with no change in the tension.

This resulted in essentially no change in tensile creep rate. In period 5,

tensile stress was increased and in period 6, the tensile stress was decreased

I
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back to that of period 4. In period 7 negative torsion was added with no change

in tension. In period 8, even though tension was removed while torque remained

constant there was no change in creep rate in torsion.

The computed creep curves for side steps to zero, periods 6, 7, in Fig. 1

and periods 4, 8 in Fig. 2 showed the same features as the test data except for

the following:

(1) The data for recovery of shear strain in periods 6 and 7 of Fig. IB

showed a discontinuity in the recovery when the tensile stress was removed. The

viscous-viscoelastic (VV) theory, which employed the Modified Superposition

Principle (MSP) simplification, predicted no such discontinuity This may be a

deficiency of the MSP simplification. The product form (PF) assumption [6] for

the kernel functions in the multiple integral theory is capable of describing

such a discontinuity. When the product form assumption was applied to the W

computation of c for12 Fig. 1B, a discontinuity in the recovery for shear

strain was indeed predicted. The discontinuity was much smaller than observed,

however.

(2) The observed strain e11 in period 6 of Fig. 1A, period 4 of

Fig. 2A, period 11 of Fig. 3A, and the c12 in period 8 of Fig. 2B continued

as though there had been no removal of one of the stress components. The com-

puted value of strain from the W theory, however, showed a negative rate of

creep (recovery).

The discontinuity in recovery in period 7 Fig. lB was predicted by the MW

theory. This resulted from the fact that recovery associated with the T , 3

terms started at the end of period 5, whereas that associated with the OT

2 2 terms started at the end of period 6.

The computed strain for the MVV theory correctly described the observed

behavior of period 6, Fig. 1A, but did not improve (compared to the W theory)

.k4.
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the prediction of the behavior in the other three instances in which one stress

component went to zero while the other remained unchanged. The correct predic-

tion for period 6 Fig. IA was due to the fact that the removal of T, occurred
ye

during a period when a had previously been reduced so that e11 was already

constant. The tVV theory assumed that removal of one stress component was

equivalent to a small reduction as far as the mixed stress terms were concerned

so Cve remained constant in period 6.

However, in period 4 of Fig. 2A, period 8 Fig. 2B and period 11 Fig. 3A

creep was occurring at the time one stress component was removed. In applying

(9A) to this situation for the NIVV Theory with o', r' (shown in Fig. 2A

periods 3, 4, Fig. 2B, periods 7, 8 only) the values of 0' , T' changed

from the previous period to the one in question. This caused the , , t

ye

terms in periods 3 to 4 Fig. 2A (for example) for c11 to predict an apparent
ye 2

recovery even though a remained constant and the c11  for the OT terms

was considered constant.

For period 2 of Fig. 2B the prediction of the V theory showed a recovery-

type behavior, that is, a negative slope of the creep curve with a gradually

reducing rate. This was contrary to the observed constant strain during period

2. The shape of the prediction in period 3 was correct. The constant strain

in period 2 was correctly predicted by the MVV theory. In period 3 the creep

was correctly described by the MVV theory by considering that the strain asso-

ciated with T , v terms was constant and that associated with the mixed terms

(a,u 2) caused creep.

In period 8 of Fig. 2A and period 4 of Fig. 2B the recovery was very well

predicted by the MVV theory and the shape correctly predicted by the W theory.

In period 9 of Fig. 2A the torsion was increased while the tension was recovering.

This appeared to accelerate the recovery in tension. Similarly, the recovery in

torsion in period 5 of Fig. 2B was accelerated by an increase in tension.

' I . . . . . ... .. . -.. . . . ll ll[ -
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The creep resulting from stress reversal in Fig. 2 and 3 will be discussed

in a later section.

PREDICTION OF EXPERIMENTS FOR SIDE STEPS AND RECOVERY
BY THE W AND MVV THEORIES BASED ON FIXED CREEP LIMITS

IN TENSION a* AND TORSION T*

It was observed that the discrepancies between the experimental data and

the prediction of the MVV theory using the Tresca creep limit resulted from the

changes in a' and T' that occurred when the state of combined stress changed.

These discrepancies were: the apparent recovery type behavior in period 4 Fig.

2A, period 8 Fig. 2B and period 11 Fig. 3a; and the fact that computations for

simultaneous torsion creep and tensile relaxation experiments, to be reported

later, showed a reversal of the relaxation (increasing strain) under tensile

strain when the torsion was reduced to zero. Such a reversal was not observed

in the data, but resulted in the computed curves from the change in a' , T'

Accordingly, the apparent creep limit was redefined as fixed values a*

T* for tensile components and torsion components of stress, respectively, in

combined tension and torsion states of stress. It appeared that such a change

would improve the prediction of creep behavior in period 3 Fig. 1 as well as per-

iods 4, 8 and 11 in Fig. 2A, 2B and 3A, respectively, and the prediction of some

periods of simultaneous tensile relaxation and torsion creep to be reported later.

This change required computing new values of F , G+ an4 G*. At this
4' 34

point it was considered that negative values of these constants were unreasonable

since the data showed synergistic effects to be positive. Since the straight-

forward computation yielded a negative G+ the values of G+ and G+ were
3 3 44. +

redetermined, taking G3 = 0 in one case and G = 0 in another, while main-

taining a* and T* constant. Figures 1, 2, 3 were then recomputed. Also

considered were the possibilities: that U* , T* should be used with the

pure stress terms and a' , T, for mixed stress terms; that G*, T- be used

k -
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in cv and a' T' in L
v e •and that a' T' beused in ev and * *

in cv

From this study it was clear that of all possibilities considered a* . T*

for all terms with G+ w 0 yielded the best results. The corresponding values

of F+ and G+ are shown in Table II.

The predicted creep results for the experiments are shown in Fig. 1-3 using

fixed values of o , T* and the constants given in Table I except for F+ , F

G and G which are given in Table II. Computations are shown both for the
3 4

W theory (given as dot-dash lines in the figures) and for the MVV theory (given

as solid lines in the figures).

The MW theory using a* , T* , and G4 a 0 show very satisfactory predic-

tions of results in Fig. I except for period 3 which is considerably improved in

Fig. 1A and better in Fig. lB. It also improved the prediction of behavior in

period 4 of Fig. ZA, period 8 of Fig. 2B and period 11 of Fig. 3A. Most of

periods l-6'in Fig. 2 are satisfactorily predicted by the tVV theory. Subse-

quent periods in Fig. 2 will be discussed in the following section.

STRESS REVERSALS: EXPERIMENTAL RESULTS AND PREDICTIONS

Reversals of torsion were performed as part of experiments shown in Fig. 2

and 3. In Fig. 2 following recovery in torsion in periods 4, 5 and 6 the shear-

ing stress was partially reversed in period 7 to a negative value less than the

maximum positive value in period I, while the tensile stress remained constant

at a level less than its maximum. In Fig. 3 the first reversal of torsion was

preceded by positive torsion then recovery at zero stress. The good agreement

between theory and data for these two periods is of no significance since these

data were used in determining the constants in Table I. In periods 3, 4, and S

stress reversals were performed in pure torsion. In period 6 a partial stress
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reversal occurred and in period 7 tension was added at constant torsion. Periods

8, 9 and 10 included stress reversals in torsion while the tension remained constant.

Straightforward application of the concepts that a portion of the creep of

metals is nonrecoverable and strain hardening suggests that reversal of stress
V

would have no effect on the nonrecoverable c component of strain. The fact that
v v

an effect was observed was the reason that c was recolved into two parts E
pos

and cv in the present investigation. It was considered that positive and neg-
neg

ative stresses would produce independent creep responses, the sum of which would be

the resulting creep. Thus the shape of a creep curve resulting from complete re-

versal of stress would be nearly the same as that of the prior positive stressing.

It would be the same if all creep was of the nonrecoverable type, but there would be

a small difference in 'he shape of the recoverable creep, in accordance with (9).

An examination of Fig. 3B shows that some of the features expected from the

above were realized. Creep in periods 3, 4 and 5, involving reversals of the same

stress magnitude showed similar shapes of primary-type creep, although at somewhat

higher creep rates at each reversal. The curves for periods 7 and 8 were nearly

identical.

However, strain hardening suggests that the creep rate for period 5, taken as

the independent effect of the stressing in periods 3 and 5 only, would be much

less than that in period 3, which was not as observed. Also the magnitude of

creep in period 4 would be much less than that in period 3. That is, it would

be shifted by the magnitude of the nonrecoverable creep in period 3. This also

was not observed. There was essentially no shift of the required magnitude in

periods 3, 4 and 5 or periods 8 and 10. The apparent shift in period 9 is incon-

sistent. Thus it appeared that the nonrecoverable strain cv accumulated prior

to reversal of stress was entirely wiped out on completely reversing the stress.
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In Fig. 3B the dot-dash lines were computed using the W theory with Table II

and considering all prior strain wiped out upon reversal of stress. The solid

lines (MVV theorA were computed considering that the nonrecoverable strain only was

wiped out upon reversal of stress and the recoverable strain was computed in the

usual manner, by Eq. 9A. Figure 3B shows that the solid lines describe the char-

acter of the observed creep for complete stress reversal very well for periods 3,

4, 5 and a shift in period 9.

The dotted lines in periods 6 and 7, for which there was a partial reversal

of stress, were computed by not wiping out the nonrecoverable strain at the end of

period 6. The difference between the solid and dotted lines in periods 6 and 7

indicate the magnitude of the strain wiped out in arriving at the solid line.

Comparing the solid and dotted lines with the test data for periods 6 and 7

suggests that the nonrecoverable strain was not wiped out at the start of period

6 (which was an incomplete stress reversal). It also suggests that during periods

6 and 7 the prior nonrecoverable strain was gradually wiped out, resulting in the

increased rate shown.

The fact that the creep rate in period 5 for example was not reduced as

would be expected from strain hardening as a result of the prior negatively

stressed period 3 is probably due to the fact that the prior nonrecoverable

strain was in fact wiped out (i.e., recovered). Thus there was no residual

strain and hence no strain hardening.

The recovery in periods 11 and 12 was computed in the same manner as described

in the previous section, with excellent results.

In Fig. 2B there was a rever- al of torsion in period 7 during a period of

constant, but reduced tensile stress. Both the W and MVV theories are shown

in Fig. 2B. The computations are shown two ways: including the nonrecoverable

strain at the end of period 6, as shown by dotted lines; and considering it to

"

I,.
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have been wiped out, as shown by solid lines. The torsion in period 7 was not

completely reversed. Again, as in period 6 of Fig. 3B, the creep behavior in

period 7 Fig. 2B suggested that the residual strain from period 6 was not wiped

out during partial reversal of stress but was gradually wiped out during periods

7 and 8 resulting in an increased creep rate. Thus the actual creep started at

the dotted line and moved toward the solid line in period 7 Fig. 2B. In period

9 the torsion was increased so that it was then fully reversed. Figure 2B shows

both the W and MVV theories for period 9 with the residual strain wiped out.

Also shown as a dotted line is the WVV theory with the residual strain not

wiped out. It appears that the actual data continued in period 9 to complete

wiping out the residual strain by the end of period 9.

Except for residual strain discussed above the computations for period 8

Fig. 2B were as follows. ev  and cve creep associated with T, T3 continued,

2
that associated with aT, a T remained constant.

In Fig. 3A, period 7, tension was added to the torsion existing in period

6; and in periods 8, 9 and 10, the torsion was reversed in each period while

leaving the tensile stress unchanged. The observed tensile strain £11 in

these periods showed a nearly continuous creep with small primary-type responses

superimposed at each reversal of torsion as shown by the data in Fig. 3A. Two

different computations were made as shown in Fig. 3A. In the first approach,

the W theory (9) and (10) were used to treat the stress states in periods 7

through 11. Since ll is an even function of T , changing the stress state

from (a=a 1 ,r=T3) to (a=a 1T=-T 3) was equivalent to a continuous stressing of

0=o , T=T 3 as far as £11 was concerned. This approach yielded a continuous

creep of e11 in periods 7, 8, 9 and 10, as shown by the dot-dash lines in Fig.

3A. Clearly this is an inadequate description of the behavior except for period 7.

*€
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Observing that on reversal of shear (torsion) stress in the presence of

tension the principal stresses changed direction markedly it was likely that a

different set of active elements (slip planes and dislocations) might be involved

for positive versus negative shear stress. Thus virgin-type behavior of cv

night be involved in the axial strain resulting from the first reversal of stress

as also observed for the corresponding shear strain component in Fig. 3B. In

v
subsequent reversals only the mixed stress terms were involved in c

Thus creep for periods 7 through 10 Fig. 3A was computed as follows: The

eve  creep was taken to be continuous since T appeared as an even power in

(6). All stress terms 0 a , a 3 , OT2 contributed virgin type creep in

v 2 3period 7. The portion of r- due to the stressing associated with a, a , a

terms in period 7 was taken to be continuous from the beginning of period 7 in

subsequent periods. The portion of cv due to UT 2 for positive T in period

7 remained constant when positive T was zero in period 8. In period 8 the new

negative T in conjunction with a caused an additional new virgin-type cv
v

creep to be added in period 8. In subsequent periods this new c creep asso-
2 3

ciated with a , a , a was continuous from the start of period 8. In period 9
2

the new creep associated with oT from period 8 remained constant and a new
2

virgin-type creep associated with aT for period 9 was added to the continuing
ye v asoitd2 3

creep from e and the two portions of c associated with a , a , a which

were continuous from periods 7 and 8. In a similar manner creep in period 10 con-

sisted of the three continuous creep components plus the sum of the terminal values
2v

of aT creep for each prior interval plus new virgin v creep associated with

OT2  for period 10. The results as shown in Fig. 3A for the MVV theory, repre-

sented by a solid line, are very satisfactory, except that the strain predicted

at the start of period 8 was too small.

Ir

KL .. . . ..
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Another possibility is shown in Fig. 3A by dotted lines, MMVV theory.

These curves were computed in the same manner as the solid line except that

it was considered that the first reversal of T (in period 8) resulted in
ye

a new virgin E creep (associated with the negative T ) added to the

existing cve and continuous until periods 11 and 12. In periods 11 and 12

this component was treated the same as the c associated with positive T

The treatment of the dotted lines in Fig. 3A was similar to that shown as dot-

dash lines in Fig. 3B where both cv e  and ev were considered as new virgin

creep at each stress reversal. Fig. 3A shows that the addition of the second

cve creep in period 8 accounted for most of the step-up in strain in period 8

but resulted in too large a creep rate in period 8 and too rapid recovery in

period 12. A comparison of these computed creep curves with the data in Fig.

3A and 3B suggests that the MVV theory shown by the solid lines is the best

representation.

Computations for periods 11 and 12 Fig. 3 (for W and MVV theories) were as

follows. In period 11 Fig. 3A, ev e  and ev  creep associated with a , a , a3

continued while that for OT2 remained constant. In period 12 Fig. 3A Ev

remained constant, e associated with a , a2 , a recovered as from the

end of period 11 and cv e  associated with GT
2 recovered as though from the

P v reane e
end of period 10. In period 11 Fig. 3B, c remained constant, 1v  associated

with T , T
3 recovered as from the end of period 10 and eve associated with

aT a 2T remained constant. In period 12 Fig. 3B cve associated with

T , t
3 continued to recover and cve associated with aT , 0 2T recovered as

though from the end of period 10. This produced the slight step in the MVV

Theory between periods 11 and 12 as also observed in the data.

St

K . .
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RESULTS AND CONCLUSIONS

Analysis of results of nonlinear creep of 2618 aluminnum under combined

tension and torsion stress states and under varying stress history including

step changes of one stress component while another component remained constant

and reversal of shearing stress showed that the viscous-viscoelastic (W) theory

with certain modifications (WVV) theory predicted most of the features of the

observed creep behavior quite well.

Among the conclusions are the following:

1. The behavior may be represented by resolving the time-dependent strain into

recoverable and nonrecoverable components having the same time dependence.

2. The material behaved as though there was a creep limit such that only very

small creep occurred unless the stress was greater than a limiting value

having fixed values a* , r* for tensile stress and shear stress components,

respectively.

3. On partial unloading, the material behaved as though the nonrecoverable

strain component cv continued to creep in accordance with strain hardening

unless the stress became less than the creep limit; whereas the recoverable

strain component eve remained constant unless the decrease (change) in

stress exceeded the magnitude of the creep limit.

4. On reloading following an interval t x of partial unloading involving no

further change in cv e  the component cVe resumed creeping as though the

interval t x did not exist.

S. An increase in tension under constant torsion was well represented by the

theory but a subsequent increase in torsion at constant tension was not as

well represented.

6. Reduction of one stress component while the other remained constant required

treating the pure stress and mixed stress terms separately. The strains
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associated with the mixed stress terms remained constant, whereas the strain

behavior associated with the pure stress remained unchanged.

7. Removal of one of two stress components during creep was observed to have no

effect on creep associated with the other stress component. This was par-

ve
tially accounted for by considering that the e strain associated with the

mixed stress terms remained constant until both stress components were zero.

8. On partial or complete reversal of stress the nonrecoverable strain component

Ev behaved as though the reverse stress was applied to a virgin material.

9. If the stress was partially reversed the prior residual strain resulting

from cv remained. However, if the stress component was completely reversed

v
the residual strain from the nonrecoverable strain component e appeared

to be completely recovered (wiped out).

10. The axial creep resulting from cycles of reversed torsion in the presence of

constant tension consisted of: continuous recoverable creep; plus continuous

nonrecoverable creep from the first application of positive torsion and also

from the first application of negative torsion associated with pure tension

terms only; plus new virgin creep associated with the mixed tension-torsion

stress terms at each reversal of torsion.
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Table 1. Constants for Equations (2) through (11) Using a' , T

for F* , G + and G

+ 608 ~ 12 n
F I m6.08 x 1 per Pa-h (0.004195, % per ksi-hn)

F+ . -7.431 x 10-2, per Pa 2_0 (-0.0003533, ~.per ks12 -h n)

F~ + 7.596 x 10-28, per Pa -h n (0.0000249, %per ksi 3 -h )
3

7S 9.143 x 10 , Pa (13.26, ksi)

G 7.170 x 10-12, per Pa-h n (0.004944, % per ksi-hn)

2 .0 x1 2 , per Pa 3-h n(0.00000886, % per ksi 3-h n

m4.571 x 10 , Pa (6.630, ksi)

F' 4 1.0491 x 1028 per Pa3-h" (0.000003439, % per ksi 3 -hn)

G -4.020 x 10-20, per Pa2_.hn (-0.0001911, % per ksi2 _h~)
3

G* 9.222 x 10-28, per Pa3 -h n (0.00003023, % per ksi 
3 _h a

Note: n - 0.270

R m 0.55

E0 m.6.5 x lOMPa (9.43 x 106 psi)
G* 2.45 x 1O4MPa (3.57 x 106 psi)

v a 0.321



Table 11. Constants for Equations (2) through (11)

Using o* , r" for F and G*

F I F2 , F , , , G 2 , 3*, n and R are the

same as in Table I.

F4 * 6.214 x 10 per Pa3-hn (0.0002037, per ksi -hn)

Fs=O

+ 16 x i19 2Z 2nG a 1.562 x 10 "  per Pa2-hn (0.0007424,% per ksi -h n )

G4 =0

II



FIGURE CAPTIONS

Fig. IA. Tensile Strain for Combined Tension and Torsion Creep of 2618-T61 Al
at 2000C Under Side-Steps of Loading, Unloading and Recovery. Where
the W theory is not shown it is the same as the MVV theory. Numbers
indicate periods on insert.

01 - 119.5 MPa (17.33 ksi),
02 a 143.4 MPa (20.8 ksi),
T, a 69.0 NPa (10 ksi),
T2 = 82.7 MPa (12 ksi).

Fig. lB. Shearing Strain for Combined Tension and Torsion Creep of 2618-T61 Al
at 200*C Under Side-Steps of Loading, Unloading and Recovery. Where
the VV theory is not shown it is the same as the MVV theory. Numbers
indicate periods on insert.

a, a 119.5 MPa (17.33 ksi),
02 * 143.4 MPa (20.8 ksi),
T, a 69.0 MPa (10 ksi),
12 a 82.7 MPa (12 ksi).

Fig. 2A. Tensile Strain for Combined Tension and Torsion Creep of 2618-T61 Al
at 200*C Under Side-Steps, Partial and Complete Reversal of Torsion.
Where the VV theory is not shown it is the same as the MW theory.
Numbers indicate periods on insert.

a, a 122.0 MPa (17.7 ksi),
02 a 172.4 MPa (25 ksi),
Ti a 99.3 MPa (14.4 ksi),
T2 a 70.3 MPa (10.2 ksi).

Fig. 2B. Shearing Strain for Combined Tension and Torsion Creep of 2618-T61 Al
at 200"C Under Side-Steps, Partial and Complete Reversal of Torsion.
Where the W theory is not shown it is the same as the MVV theory.
Numbers indicate periods on insert.

0, a 122.0 MPa (17.7 ksi),
02 = 172.4 MPa (25 ksi),
Ti a 99.3 MPa (14.4 ksi),
T2 a 70.3 MPa (10.2 ksi).

Fig. 3A. Tensile Strain for Combined Tension and Torsion Creep of 2618-T61 Al
at 2000C Under Stress Reversals in Torsion with and without Tensile
Stress. Where the W theory is not shown it is the same as the NVV
theory. Numbers indicate periods on insert.

01 a 122.0 MPa (17.7 ksi),
Ti w 79.3 NPa (11.5 ksi),
T2 s 99.3 NPa (14.4 ksi),T 13 a 70.3 MPa (10.2 ksi).



FIGURE CAPTIONS (cont'd.)

Fig. 3B. Shearing Strain for Combined Tension and Torsion Creep of 2618-T61 Al
at 200*C Under Stress Reversals in Torsion with and without Tensile
Stress. Where the W theory is not shown it is the sane as the MVV
theory. Numbers indicate periods on insert.

a, a 122.0 HPa (17.7 ksi),
T, a 79.3 NPa (11.S ksi),
T2 a 99.3 MPa (14.4 ksi),
T3 a 70.3 tPa (10.2 ksi).
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